The  Mechanism  and  Dynamics  of  Explosive  Combustion 

in  Aerosol  Fuels 


Roger  E.  Miller  and  Tomas  Baer 
Department  of  Chemistry 
University  of  North  Carolina 
Chapel  Hill,  NC  27599 
rem@net.chem.unc.edu  baer@unc.edu 


FINAL  REPORT 


2.  Objectives: 

This  research  investigates  the  explosive  combustion  of  aerosol  particles  (diameter 
of  1-10  pm)  in  the  high  vacuum  environment  of  a  laser  time-of-flight  mass  spectrometer 
as  well  as  in  the  medium  pressure  (1-2  atmospheres)  environment  of  a  flow  tube.  Pulsed 
infrared  radiation  from  a  C02  laser  initiates  the  reaction  in  both  cases.  The  use  of  small 
samples  in  the  form  of  aerosols  permits  reaction  intermediates  to  escape  the  reaction 
volume  and  we  detect  them  using  laser  spectroscopic  methods  traditionally  used  in  the 
study  of  unimolecular  and  bimolecular  reaction  dynamics.  In  the  low-pressure  studies, 
we  follow  the  time  evolution  of  the  reaction  intermediates  and/or  products  using  time 
delayed  ionization  with  a  vacuum  ultraviolet  (VUV)  laser  and  time-of-flight  (TOF)  mass 
analysis,  or  by  laser-induced  fluorescence  of  specific  products  such  as  OH,  HONO,  and 
NO.  In  the  medium  pressure  environment,  a  step-scan  FTIR  spectrometer  with  a  time 
resolution  of  0.01  ps  the  monitors  the  reaction  products.  Although  the  different  pressures 
result  in  different  reaction  environments,  the  data  from  the  two  experiments  are 
complimentary.  In  addition,  we  can  control  the  extent  of  the  explosive  reaction  by 
varying  the  particle  size.  The  smaller  the  aerosol,  the  more  readily  will  intermediates 
escape,  and  by  varying  the  particle  size  (10  "  to  10'14  grams)  we  can  investigate  the 
reaction  mechanisms  over  a  range  of  reaction  steps.  Our  experiments  will  also  probe  the 
effect  of  aerosol  composition  on  the  reaction  mechanism  and  rate. 

3.  Status  of  effort: 

Since  the  inception  of  this  grant  from  AFOSR,  we  have  constructed  an  aerosol 
mass  spectrometer  facility  capable  of  analyzing  single  particles  for  combustion  as  well  as 
atmospheric  research.  The  system  comprises  an  aerodynamic  lens  inlet,  two  stages  of 
differential  pumping,  a  light  scattering  station,  and  a  laser-based  time-of-flight  mass 
spectrometer.  An  aerosol  particle  (~  1  pm)  from  an  external  stream  enters  the 
aerodynamic  lens  through  a  100  pm,  flow-limiting  orifice.  The  aerodynamic  lens  inlet 
consists  of  a  series  of  orifices  of  successively  decreasing  diameter,  and  it  focuses  aerosol 
particles  onto  a  well-defined  axis,  greatly  increasing  the  efficiency  with  which  we  detect 
them.  The  focused  particles  accelerate  through  two  stages  of  differential  pumping  to 
speeds  on  the  order  of  100  m/s  before  entering  the  main  chamber.  The  particles  then  pass 
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through  two  532  nm  diode  laser  beams  placed  10  cm  apart.  Separate  photomultiplier 
tubes  detect  the  scattered  light  from  each  diode  laser,  and  a  digital  timing  circuit 
calculates  the  velocity  of  the  particle  based  on  the  time  delay  between  the  two  scattered 
light  signals.  The  circuit  then  triggers  the  pulsed  lasers  to  fire  when  the  particle  arrives  in 
the  spectrometer. 

A  pulsed  TEA  -  C02  laser,  which  produces  0.2  -  0.8  Joules/pulse  of  light  near 
10.6  pm,  at  once  initiates  chemistry  in  the  aerosol  particle  and  vaporizes  it.  After  a  delay 
of  about  1  ps,  a  1 1 8.5  nm  VUV  laser  beam,  produced  by  frequency  tripling  about  20  mJ 
of  the  355  nm  output  of  a  Nd:YAG  laser  in  a  Xe  gas  cell,  ionizes  the  vapor  cloud  for 
time-of-flight  mass  analysis.  In  general,  the  chemistry  we  observe  produces  both  neutral 
and  ionic  species.  The  rapid  vaporization  induced  by  the  CO2  laser  directly  promotes  the 
ionic  species  into  the  gas  phase,  while  the  VUV  laser  is  needed  to  ionize  the  neutral 
products.  Because  the  C02  and  VUV  lasers  are  not  coincident  in  time,  we  pulse  the  ion 
extraction  field  about  1  ms  after  the  VUV  laser  pulse  so  that  all  the  products  have  the 
same  start  time  in  the  time-of-flight  spectra. 

4.  Accomplishments  and  new  findings: 

Our  initial  experiments  explored  the  mechanism  of  vaporization/ionization  in 
liquid  and  nitrobenzene  aerosols  using  C02  laser  evaporation  and  193  nm  excimer  laser 
ionization.  Those  experiments  were  critical  in  characterizing  the  capabilities  of  our 
apparatus  and  in  laying  the  framework  for  the  behavior  of  non-reactive  species  in  our 
two-laser  design.  The  use  of  multi-photon  ionization  schemes  with  the  excimer  laser 
resulted  in  highly  fragmented  mass  spectra,  making  the  identification  of  reaction  products 
difficult.  Therefore,  in  preparation  for  studies  of  more  reactive,  high-energy  materials, 
we  developed  a  vacuum-ultraviolet  (VUV)  laser,  which  ionizes  molecules  with  very  little 
fragmentation.  This  ionization  technique  makes  our  approach  quite  flexible  and  powerful 
in  the  elucidation  of  reaction  mechanisms. 

One  of  the  systems  we  are  currently  investigating  is  amine-sensitized 
nitromethane.  Although,  the  effect  of  amines  on  the  failure  diameter  of  nitromethane 
samples  was  first  observed  in  the  1940’s,  there  is  still  no  consensus  on  the  chemical 
mechanism  of  the  sensitization.  In  our  work,  we  can  directly  observe  the  intermediate 
chemical  species  that  form  in  the  early  stages  of  reaction.  For  example,  the  bottom  trace 
of  Figure  1  shows  time-of-flight  mass  spectra  obtained  from  a  mixture  of  nitromethane 
with  diethylamine  (DEA).  Some  of  the  species  in  the  spectrum,  such  as  the  protonated 
form  of  the  amine  and  its  decomposition  products,  NH4+  and  CH3CH2NH3+,  are  ionic 
species  and  appear  in  the  spectrum  without  the  VUV  laser.  Neutral  reaction  products, 
like  CH3  and  NO,  appear  only  when  the  VUV  laser  is  present.  By  comparing  this 
spectrum  to  one  recorded  using  deuterated  nitromethane,  we  can  test  proposed 
mechanisms  and  extend  them.  Our  results  for  nitromethane  indicate  that  the  acid/base 
equilibrium  of  the  amine  and  nitromethane  plays  a  role  in  the  sensitization  mechanism. 
For  example,  the  observation  of  CD2H  in  the  top  spectrum  strongly  suggests  that  the  de- 
protonated  anion  of  nitromethane  first  abstracts  a  hydrogen  atom  from  a  nearby  amine 
molecule  making  CD2HN02'  and  then  dissociates  to  form  the  CD2H  radical.  The  radical 
formation  is  critical  in  initiating  the  chain  reaction  and  energy  release  in  the  detonation. 
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We  now  have  the  equipment  and  expertise  to  study  a  wide  range  of  systems  and 
begin  a  systematic  investigation  of  the  mechanisms  involved  in  these  processes.  This  is 
the  focus  of  the  current  grant,  which  is  on  going. 
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Figure  1.  Time-of-flight  mass  spectra  obtained  by  initiating  the  decomposition  of 
nitromethane/diethylamine  mixtures  using  a  C02  laser  and  ionizing  the  neutral  reaction  products  using 
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